A new study finds that archaeal histone dimers can multimerize into extended superhelical structures that mediate gene expression changes, providing possible insights into the transition to eukaryotic nucleosomes.
Nucleosomes are the fundamental units of packaging for eukaryotic genomes, consisting of octameric cores in which dimers of histones H2A/H2B and H3/H4 form a spiral ramp that DNA tightly wraps nearly twice around [1] . Histones are found in most archaeal lineages as well, and these also fold into dimers that structurally superimpose with H2A/H2B and H3/H4 dimers and form particles that tightly wrap DNA [2] . These close structural correspondences, taken together with evidence that the eukaryotic genetic apparatus evolved from Archaea or archaeal-like ancestors, implies that nucleosomes evolved from a common ancestor with present-day Archaea. However, archaeal histones lack unstructured amino-or carboxy-terminal tails, which are extensively modified posttranslationally to regulate nucleosome dynamics and make chromatin accessible for gene activation and transcription. Therefore, it is generally assumed that the archaeal-like ancestor of the eukaryotic nucleosome evolved regulatory function only with the acquisition of histone tails.
A new study [3] now shows that some archaeal nucleosomes acquired a regulatory function, not by the acquisition of tails, but rather by the ability to form extended multimers. In determining the Xray crystal structure of Methanothermus fervidus nucleosomes, the authors observed extended superhelices that have nearly identical helical dimensions to those of eukaryotic nucleosomes. The superhelices consist of histone dimers that stack in a continuous cylinder of heterogeneous length rather than discrete uniform particles separated by linker DNA. Remarkably, the formation of extended structures was found to be essential for normal gene regulation.
The structural basis for this difference between M. fervidus and eukaryotic nucleosomes can be understood by considering the structural differences between the dimeric units. By definition, a histone fold consists of three a-helices separated by short loops. In the M. fervidus histone dimer ( Figure 1A ) the long second helices are at a shallow angle to one another in a head-to-tail orientation, similar to the conformation of the histone fold domains of eukaryotic H3/H4 ( Figure 1B ) and H2A/H2B ( Figure 1C ). Like most archaeal histones, those of M. fervidus form structurally symmetrical dimers. Dimers come together at their ends to form tight fourhelix bundles (as for (H3/H4) 2 , Figure 1D ) that the DNA follows around ( Figure 1E ). Because of the two-fold structural symmetry, an archaeal dimer can oligomerize with another dimer on each end, forming a continuous ramp ( Figure 1F ). The situation is structurally similar for H3/H4 dimers, except that the two monomers have differentiated such that H3 will form a 4-helix bundle only with H3, and H4 only with H2B. Thus, the eukaryotic nucleosome consists of four dimers connected by three four-helix bundles: H2A/H2B-H4/ H3-H3'/H4'-H2B'/H2A'. As H2A does not have a four-helix bundle partner it caps both ends, resulting in a two-fold mirror-image quasi-symmetical particle that wraps 1.7 turns of DNA.
Not all Archaea have symmetrical dimers. For example, Haloferax volcanii encodes a histone 'doublet', consisting of two histone folds in tandem [4] . The nucleosomes of H. volcanii are discrete particles that wrap 60-bp of DNA and show in vivo features that are remarkably similar to those of eukaryotes [5] . For example, H. volcanii chromatin forms regular electrophoretic 'ladders' after treatment with Micrococcal Nuclease (MNase) and shows nucleosomedepleted regions at promoters surrounded by well-phased 60-bp particles. The inherent asymmetry of the H. volcanii doublet evidently results in dimerization to form a single central fourhelix bundle to give a ladder of discrete tetrameric particles each about half the height of the eukaryotic nucleosomes.
Thus, there are two very different archaeal models for the eukaryotic nucleosome: in M. fervidus, nucleosomes are heterogeneous structures, which have also been seen in vivo in Thermococcus kodakarensis as long MNase-generated ladders with 30-bp unit MNase cleavage patterns up to 300 bp [3] . In H. volcanii, discrete 60-bp particles are the dominant form of chromatin. Is either one of these modes of chromatin packaging ancestral to the eukaryotic nucleosome? The doublet structure of Haloferax histones may be limited to Halobacteria [2] , so we might consider the striking resemblance of its chromatin organization to that of eukaryotes to be an example of convergent evolution. But most Archaea encode singlet histones that can potentially multimerize, which raises the question of what advantage is there to packaging chromatin heterogeneously rather than as discrete particles that have evolved in both eukaryotes and Haloferax.
An answer to this question was provided by an elegant experiment based on insights from the M. fervidus structure [3] . The layers of the archaeal histone superhelical ramp lack the stacking interactions between the top and bottom half-nucleosomes of the eukaryotic nucleosome. Where successive layers meet in the Loop 1 bulge ( Figure 1A) , there is a glycine, which lacks a side-chain. The authors reasoned that by adding a side-chain to this residue the steric clash between layers would push them apart, disrupting the continuity of the ramp. Consistent with disruption, a variety of side-chain substitutions to Gly17 in T. kodakarensis histone resulted in viable but slow-growing cells, with replacement of the long MNase ladder with 60-bp and 90-bp particles. Of course, slow growth by itself could have many causes, not necessarily a specific change in gene expression, but in this case there was a clue. T. kodakarensis grows anaerobically either by reducing elemental sulphur (S o ) to H 2 S or in the absence of S o will upregulate the membrane-bound dehydrogenase (MBH) operon to produce H 2 . The authors found that G17 side-chain addition mutants of T. kodakarensis grow normally in the presence of S o , but grow slowly when transferred to an S o -free medium, and the slow growth corresponded to a failure to upregulate the MBH operon. Thus, the superhelical ramp is more than an intriguing novelty -it is needed for proper regulation of an operon under conditions that the organism encounters in its normal habitat.
There is still the question of how multimerization of archaeal-like histone dimers might have transitioned to a beads-on-a-string structural The 3D structure of (A) the M. fervidus histone HMfB dimer (PDB: 1A7W) structurally aligns with histone dimers (B) H3/H4 and (C) H2A/H2B (PDB: 1KX5). Two dimeric subunits form a tetramer by interacting via a four-helix bundle, as shown for (D) (H3/H4) 2 , which wraps DNA to form a tetrasome (E). Archaeal histone dimeric subunits are structurally symmetrical, and so assemble into head-to-tail multimers that form a continuous superhelical ramp (F).
organization. There is at least one example in which two paralogous archaeal histones show partial resemblance to an H3/H4 dimer [6] . A four amino-acid insertion into the Loop 1 region of Nanoarchea equitans histone NEQ288 differentiates it from NEQ348, in parallel to the differentiation between eukaryotic histone H3 with a five amino acid insertion in Loop 1 relative to that of H4. Purification of NEQ288 showed that it forms only dimers, but when mixed with equimolar amounts of NEQ348, tetramers were produced that wrapped DNA into 90-bp particles. Perhaps in the lineage leading to eukaryotes, a histone underwent a similar insertion into Loop 1 as a first step to forming an (H3/H4) 2 obligate tetramer. The evidence that gene regulation involving multimerization is an ancestral function of archaeal histones challenges the assumption that nucleosomes evolved only for packaging the genome, and gene regulatory functions were acquired later [4] . Considering that phylogenetic analysis has proven insufficient to resolve the deep branches that separate the three domains of cellular life [7] , we can only speculate as to the functions of nucleosomes in the last common ancestor of eukaryotes. Key functions of eukaryotic nucleosomes, including genome packaging and protection of DNA from damage, were already well developed in various Archaea eons before the emergence of modern eukaryotes. However, mitosis is a defining feature of eukaryotic chromosomes that required at least two innovations not found in Archaea: the condensation and decondensation of chromosomes during the cell cycle, and centromeres, which mediate segregation of chromosomes to the poles. Tight packaging into metaphase chromosomes may have favored regular discrete particles separated by flexible linkers over stiff rod-like multimers. In contrast, rod-like multimers of tandemly repeated centromeric nucleosomes may provide a solid foundation for a kinetochore that can withstand pulling forces at anaphase. Stacked multimers might explain the unusual physical properties of the human centromeric complex [8] and the evolution of tandem 'satellite' repeats at the centromeres of most plants and animals. Perhaps the ancestral differentiation of two very different histone variants, H3 to tightly package mitotic chromosomes [4] , and its cenH3 (CENP-A) 'deviant' [9] with a rapidly evolving Loop 1 [10] , have their respective counterparts in discrete tetramers and continuous multimers of Archaea.
